Revelation of chlorine and bromine isotope fractionation of halogenated organic compounds (HOCs) in electron ionization mass spectrometry (EI-MS) is crucial for compound-specific chlorine/bromine isotope analysis (CSIA-Cl/Br) using gas chromatography EI-MS (GC-EI-MS). This study systematically investigated chlorine/bromine isotope fractionation in EI-MS of HOCs including 12 organochlorines and 5 organobromines using GC-double focus magnetic-sector high resolution MS (GC-DFS-HRMS). Chlorine/bromine isotope fractionation behaviors of the HOCs in EI-MS showed varied isotope fractionation patterns and extents depending on compounds. Besides, isotope fractionation patterns and extents varied at different EI energies, demonstrating potential impacts of EI energy on the chlorine/bromine isotope fractionation. Hypotheses of inter-ion and intra-ion isotope fractionations were applied to interpreting the isotope fractionation behaviors. The inter-ion and intra-ion isotope fractionations counteractively contributed to the apparent isotope ratio for a certain dehalogenated product ion. The isotope fractionation mechanisms were tentatively elucidated on basis of the quasi-equilibrium theory. In the light of the findings of this study, isotope ratio evaluation scheme using complete molecular ions and the EI source with sufficient stable EI energies may be helpful to achieve optimal precision and accuracy of CSIA-Cl/Br data. The method and results of this study can help to predict isotope fractionation of HOCs during dehalogenation processes and further to reveal the dehalogenation pathways.
INTRODUCTION
Gas chromatography coupled with electron ionization quadrupole mass spectrometry (GC-EI-qMS) has been recently employed to conduct compound-specific chlorine/bromine isotope analysis (CSIA-Cl/Br) of halogenated organic compounds (HOCs) such as tetrachloroethene, trichloroethene, cis-dichloroethene, 1 p,p'-dichlorodiphenyltrichloroethane (p,p'-DDT), pentachlorophenol, 2 chlorinated acetic acids, 3 bromoform, 3-bromophenol and 4-bromotoluene. 4 Performances of CSIA-Cl methods using GC-EI-qMS were found to be comparable with those of conventional methods using GC continuous flow isotope ratio MS (GC-IRMS) and preparative GC followed by offline IRMS. 3, 5 Moreover, CSIA-Cl methods using GC-qMS significantly simplify sample pretreatment and therefore are more cost-effective and applicable. 2, 5 As a result, application of GC-EI-MS in CSIA-Cl studies has been attracting increasing interests hitherto. [6] [7] [8] [9] A recent study reported CSIA-Cl of hexachlorobenzene (HCB) in air samples using GC quadrupole hybrid time-of-flight (TOF) high resolution MS (GC-QTOF-HRMS) equipped with an EI source 10 with an similar isotope-ratio evaluation scheme as those applied in the studies using GC-qMS. 1, 5, 11 However, some intrinsic limitations of GC-EI-MS may trigger uncertainties and deviations in CSIA results and therefore should be ascertained and avoided. In a previous study, we found that HOCs could exhibit chlorine/bromine isotope fractionation on GC columns, probably leading to biased CSIA-Cl/Br results. 12 In addition, chemical bonds may be cleaved (ion fragmentation in ion source and metastable-ion disassociation in EI-MS) or formed in EI-MS, which means that kinetic isotope effects (KIEs) may occur, subsequently leading to observable isotope fractionation and resulting in imprecision and inaccuracy of CSIA-Cl results. 10 As a result, suitable external isotopic standards which are chemically identical to target analytes are generally needed for CSIA-Cl to correct deviations caused by possible isotope fractionation in EI-MS. 2 In a review about hydrogen/deuterium isotope effects Page 4 during fragmentation in EI-MS, both intramolecular and intermolecular isotope effects could take place in EI-MS. 13 An approximation scheme method for calculating KIE was also proposed based on mass spectrometric signal intensities of the dehydrogenation and de-deuterium product ions. The hydrogen/deuterium isotope effects were "staggeringly large" 13 with KIEs reaching up to two or three orders of magnitude (10 2 -10 3 ). 14, 15 In addition, significant intramolecular hydrogen/deuterium isotope effects of aniline and protonated aniline were observed in high pressure chemical ionization MS and the metastable ion fragmentation and the adduct ion collision-induced dissociation processes also presented high intramolecular hydrogen/deuterium isotope effects. 16 Therefore, both inter-ion and intra-ion Cl/Br isotope fractionations may be anticipated to occur for HOCs during fragmentation processes in EI-MS, which could lead to complex and hard-to-predict isotope fractionation modes. However, to the best of our knowledge, Cl/Br isotope fractionation in EI-MS and the potential impacts on CSIA results have not been revealed in detail yet.
Herein, we used GC-EI-double focus magnetic sector HRMS (GC-EI-DFS-HRMS) to investigate Cl/Br isotope fractionation of 17 HOCs, including 12 organochlorines and 5 organobromines during dehalogenation process in EI-MS. Hypotheses of inter-ion and intra-ion isotope fractionations were proposed to interpret the observed isotope fractionation patterns. Mechanisms of the isotope fractionation were also tentatively elucidated on basis of the quasi-equilibrium theory (QET). 
where n is number of Cl/Br atom(s) of a molecular ion or a dehalogenated product ion;
i is number of 37 Cl or 81 Br atom(s) in an isotopologue ion; Ii is the MS signal intensity of the isotopologue ion i. This calculation method is defined as complete-isotopologue scheme of isotope ratio evaluation.
The isotope ratio of the total ions (all the measured molecular and product ions were involved, IRtotal) of each compound was calculated as: 
where m is the number of Cl/Br atoms in the molecular formula of a compound. This method is defined as total-ion scheme of isotope ratio evaluation.
All the measured isotope ratios were relative values instead of the true isotope ratios fractionation extent from a precursor ion to its product ion was evaluated with equilibrium fractionation factor (αeq) and enrichment factor (ε) 18 :
where IRProduct and IRPrecusor are isotope ratios of the product ion and the corresponding precursor ion, respectively. 19 For simplifying evaluation of the observed isotope fractionation, further isotope fractionation was not taken into account during subsequent dehalogenation of the product ion.
When ε < 0, the isotope ratio of the precursor ion is higher than its product ion, indicating enrichment of heavy isotope in the precursor ion and deficit in the product ion. On the other hand, when ε > 0, the isotope ratio of the precursor ion is lower than its product ion, demonstrating deficit of heavy isotope in the precursor ion and enrichment in the product ion. The measured values of αeq and ε show the apparent isotope fractionation from precursor ions to the corresponding product ions.
Data processing procedures were illustrated in Figure 1 taking o,p'-DDE as an example.
First, the mass spectrum of o,p'-DDE was extracted from the total ion chromatogram, giving rise to the average MS signal intensity of each ion within the retention time range.
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Then, the isotope ratios of the molecular ion, the dehalogenated product ions, and the total ions were calculated with the obtained average intensities of isotopologue ions by eq 1 or eq 2. Data derived from five replicated injections were employed to calculate the mean isotope ratios and standard deviations (1σ).
RESULTS AND DISCUSSION
Evaluation Schemes for Chlorine/Bromine Isotope Fractionation. Completeisotopologue and total-ion schemes were applied to evaluation of isotope ratios. The former was based on MS signal intensities of the isotopologue ions (ions with the same number of Cl/Br atom(s)) as indicated in eq 1, whereas the latter calculated isotope ratios with signal intensities of all monitored ions as shown in eq 2. The measured isotope ratios along with the corresponding standard derivations of the molecular ions and the dehalogenated product ions were employed to evaluate the isotope fractionation.
All the isotope ratios measured in this study were relative values of isotopologue ions due to unavailability of external isotopic standards. However, all the isotopolugue ions were detected simultaneously, leading to accurate relative isotope ratios for the molecular ion and dehalogenated product ions. Therefore, the quotient of the relative isotope ratio of a product ion to that of its precursor ion, i.e., the αeq, was capable of reflecting the isotope fractionation from the precursor ion to the product ion in EI-MS.
In addition, the ε values were calculated to more directly assess the isotope fractionation extents.
Chlorine Isotope Fractionation. All the 12 investigated chlorinated compounds presented isotope fractionation in EI-MS at the EI energy of 45 eV ( Figure 2 and Table   S-3 ). The isotope fractionation patterns and extents varied depending on compounds.
It's worthy to note that the isotope fractionation extents were significantly different for the two DDE isomers, o,p'-DDE and p,p'-DDE (Figure 2 , G2). , The chlorine isotope ratio of P-Cl3 ion of o,p'-DDE was 0.4146 ± 0.0084, much higher than that of its parant ion M-Cl4 ion (0.3209 ± 0.0009), indicating a significant chlorine isotope fractionation during dechlorination from M-Cl4 to P-Cl3, with the ε as high as 292.0‰. On the other hand, the chlorine isotope ratio of P-Cl3 ion of p,p'-DDE was 0.3288 ± 0.0049 (ε = 25.0‰), significantly lower than that of o,p'-DDE, but still evidently higher than that of its precursor ion M-Cl4 (0.3208 ±0.0012). The chlorine isotope ratios of M-Cl4, PPage 10
Cl2, and P-Cl1 of the two DDE isomers were pairwise similar. The difference in the extents of isotope fractionation was probably attributable to the large isotope ratio discrepancy between the two P-Cl3 ions generated by losing a Cl atom from the corresponding molecular ions (M-Cl4).
On the contrary, PCB-18, PCB-28, o,p'-DDT and p,p'-DDT showed similar interisomer patterns and extents of isotope fractionation ( The absolute values of most ε values were larger than 20‰, indicating significant chlorine isotope fractionation during dechlorination reactions of the investigated chlorinated compounds in EI-MS compared with the reported values during biotic and abiotic transformations of chloroethylenes (generally less than 5‰), 18 especially o,p'-DDE and HCB (Table S-3 ).
The two DDTs and o,p'-DDD have a chloromethyl (dichloromethyl or trichloromethyl)
in the structures which can result in intensive dechloromethylation product ions in EI-MS. Differences in the chlorine isotope ratios were investigated between the dechlorinated product ions and dechloromethylated product ions of these compounds.
The chlorine isotope ratios of P-Cl2-CM ions (dechloromethylated product ions with Page 11
two Cl atoms) of the three compounds were evidently higher than those of the P-Cl2 ions ( Figure 3 ). The P-Cl2-CM ions had two Cl atoms on the benzene rings, while the P-Cl2 ions might possess Cl atoms on the benzene rings and/or on the chloromethyl.
According to the reported bond dissociation energies, strength of a C-Cl bond is higher on a benzene ring than on a methyl, 20 which means that the Cl atoms on a benzene ring are less likely to be cleaved than those on a chloromethyl. It can therefore be speculated that the Cl atoms of P-Cl2 ions were mainly on the benzene rings. The chlorine isotope ratios of the chloromethyls might be lower than those of the chlorinated benzene rings, which leaded to attenuation of 37 Cl content of the P-Cl2 ions. Chlorine isotope ratios ascended from P-Cl2 ions to P-Cl1 ions with enrichment factors of 35.6‰, 68.6‰ and 59.7‰ for o,p'-DDD, o,p'-DDT and p,p'-DDT, respectively (Table S-3 ). The chlorine isotope ratios of the P-Cl1 ions and the P-Cl2-CM ions of the two DDTs were similar ( Figure 3 ). Besides, no significant isotope fractionation was found from P-Cl2-CM ions to P-Cl1-CM ions for two DDTs. For o,p'-DDD, however, the chlorine isotope ratio of P-Cl1 ion was evidently higher than that of P-Cl1-CM ion. Furthermore, evidently decline of chlorine isotope ratios was observed from P-Cl2-CM ion to P-Cl1-CM ion. generated during a dehalogenation reaction, the inter-ion and intra-ion isotope fractionations are theoretically in opposite directions, positively and negatively affecting the isotope ratio of this product ion, respectively.
Considerations Based on the QET. The fundamental principles inter-ion and intra-ion isotope fractionations occurring in EI-MS can be explained with the QET from energy perspective. 13 According to the QET, the rate constant k(E) for a unimolecular reaction is:
where E is the internal energy of a reaction ion, E0 is the critical energy of the reaction,
G * (E-E0) is the amount of internal energy states of the transition state of the ion in the energy range from E0 to E, h is the Planck's constant, and ρ(E) is the state density of the reacting ion at energy E. If an ion lost a Cl/Br atom via two isotopically different
pathways with rate constants of kl(E) and kh(E) to generate two product ions, the KIE can be expressed as:
where the subscripts (l) and (h) represent light and heavy isotope, respectively. Hence, the KIEs during fragmentation in EI-MS can be determined by internal energies, critical energies, the amount of internal energy states of transition state, and state density of reacting ion at energy E. The KIEs are excepted to >1 for both the inter-ion and intraion isotope fractionations. 
where n is the number of Cl/Br atoms of a precursor ion, i is the number of 37 Cl or 81 Br atom(s) of an isotopologue of the precursor ion, r is the number of the lost Cl/Br atom(s) (for the dehalogenation process from a precursor ion to the product ion in this study, r is equal to 1), t is the number of 37 Cl or 81 Br atom(s) of an isotopologue of a product ion derived from the precursor ion, xi is the molar amount of isotopologue i of the precursor ion. For a specific case, when r is 1, the equation becomes:
The deducing and proving processes of eq 6 are provided in an unpublished manuscript. 21 As can be seen in eq 7, if intra-ion isotope effect is not taken into account, the isotope ratio calculated from MS signal intensities of the product ion isotopologues equals that of the precursor ion isotopologues. Since the lighter isotopologues are more prone to be dehalogenated in EI-MS, inter-ion isotope fractionation tends to result in enrichment of heavy isotope for the precursor ions but lead to deficit of heavy isotope for the product ions.
For an asymmetric precursor ion containing position-distinct isotope atoms, if the dehalogenation from the precursor ion to the product ion reacts at only one position, the isotope ratio of the remaining isotope atoms on the product ion equals that of the total precursor ions (both dehalogenated and non-dehalogenated) provided that the isotope ratio of the isotope atoms on the reacting position is not position-specific. The isotope ration of this product ion is anticipated to be lower than that of the remaining (nondehalogenated) precursor ion, but higher than that of the reacting (fragmented) precursor ion. As a result, the inter-ion isotope fractionation taking place in this condition is normal for the precursor ion but without effects on the product ion.
A prerequisite of inter-ion isotope fractionation to happen is that a precursor ion is not completely dehalogenated. If all precursor ion isotopologues were dehalogenated by losing one isotope atom, the isotope ratio of the product ion was the same with that of the precursor ion (for an asymmetric compound, only if the isotope ratio of the atoms is not position-specific). In this study, all the molecular ions and dehalogenated product ions were observed, thus no reaction position lost all Cl/Br atoms during one-step dehalogenation, indicating inter-ion isotope fractionation in all dehalogenation processes in EI-MS. . Therefore, the inter-ion isotope fractionation affects the isotope ratios of the precursor ions positively, but impacts those of product ions negatively. In this case (isotopologues containing completely different isotopes), the precursor ion that finally transformed into the product ion has the isotope ratio equal to that of the product ion.
Intra-ion Isotope Fractionation. Intra-ion isotope fractionation may happen when
isotopologue formula of a precursor ion contain both light and heavy isotopes and the isotopes can leave from at least two positions in generation of product ion from the precursor ion. In addition, the isotopes on either position should not be completely 
The states density, ρ(E), is the same for the two reaction pathways and thus cannot impact the intra-ion isotope fractionation. Cl] + is expected to be higher than that of the precursor ion, for which the isotope ratio is identically equal to 1. Thus, the intra-ion isotope fractionation leads to enrichment of heavy isotope for the product ions.
According to the QET, intra-ion KIEs significantly depend on internal energy (eq 8),
presenting steady falling tendencies as internal energy increases. On the other hand, the increase of difference between the critical energies involving light isotope and heavy isotope raises intra-ion KIEs (eq 5 and 8). Theoretically, intra-ion KIEs will be infinite if an internal energy is sufficiently low to just above the critical energy of one reaction involving a light isotope and below that of another involving a heavy isotope. In addition, the probability of the internal energy coming within the energy region of the critical energies (E0l to E0h) increases with the increase of the difference between the critical energies. Thus, in EI-MS, if the internal energy of a reaction ion is near the Page 17 critical energies, counterintuitively enormous isotope fractionation will happen, which may explain the remarkably high isotope fractionation from M-Cl4 ion to P-Cl3 of o,p'-DDE observed in this study (Figure 4) .
Effects of Inter-ion and Intra-ion Isotope Fractionations on the Measured Isotope
Ratios. In this study, the measured isotope ratios of molecular ions were only affected by inter-ion isotope fractionation, whereas those of product ions might be influenced by both inter-ion and intra-ion isotope fractionations. Two types of inter-ion fractionations could affect the measured isotope ratio of a certain product ion in opposite directions. The first took place during the dehalogenation from a precursor ion to the product ion, which negatively affected the measured isotope ratio of the product ion. The second occurred during further dehalogenation of the product ion, which positively affected the measured isotope ratio of this product ion. In this situation, the product ion already become a "precursor ion" of its further product ion. Thus, the observed isotope fractionation was apparent rather than real. The direction and extent of the observed apparent isotope fractionation from a precursor ion to its product ion were determined by combinatory effects of these inter-ion and intra-ion isotope fractionations.
The measured isotope ratios of the molecular ions were supposed to be higher than those of total ionized molecular ions due to the inter-ion isotope fractionation. If intraion isotope fractionation presented, the measured isotope ratios of the product ions were also deduced to be higher than those of the reacting precursor ions, even though the inter-ion and intra-ion fractionations oppositely contributed to the measured isotope ratios (apparent isotope ratios) of the product ions.
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Proofs for Inter-ion and Intra-ion Isotope Fractionations. In attempt to reveal relationship between inter-ion and intra-ion isotope fractionations as well as their contribution to the observed isotope fractionation, comprehensive isotope ratio was evaluated with total ions using eq 2 and compared with isotope ratio of molecular ion.
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As illustrated in Figure 5 , the comprehensive isotope ratios were mostly higher or nearly equal to those of the corresponding molecular ions. Actually, similar phenomenon has been observed in a previous study, yet the authors did not mention any reason. 1 Theoretically, comprehensive isotope ratio of a compound reflects integration of interion and intra-ion isotope fractionations provided intra-ion fractionation occurs in EI-MS. If only inter-ion isotope fractionation occurs in EI-MS, the comprehensive isotope ratio of a compound should be lower than the molecular-ion isotope ratio. For asymmetric compounds, such as PCB-18 and PCB-28, if the differences of reaction rate constants of dehalogenation on different positions are large enough, e.g., at the EI energy of 45 eV, the C-Cl bonds are broken stepwise and thus no intra-ion isotope fractionation presents. In these cases, the molecular-ion isotope ratios are higher than the comprehensive isotope ratios ( Figure 5 ). As the internal energy increases, different C-Cl bonds can be cleaved synchronously, thus intra-ion isotope fractionation can take place. This might be the reason why the molecular-ion isotope ratios of PCB-18 and PCB-28 became lower than the comprehensive isotope ratios at the high EI energy of 70 eV ( Figure 5 ). Another possible reaction would be as follows: once a specific bond was cleaved, the remaining bonds became more symmetric or had smaller differences in critical energies, accordingly leading to synchronous dehalogenation processes. At low internal energies (e.g., with EI energy of 30 eV), the dehalogenation processes became weaker, thus weakening the inter-ion isotope fractionation. In addition, the relative abundances of the molecular ions at low EI energies were higher than those at high EI energies. Therefore, for these asymmetric compounds, the molecular-ion isotope ratios were close to the comprehensive isotope ratios at low internal energies ( Figure 5 ).
Molecular-ion isotope ratio is only impacted by the inter-ion isotope fractionation
during the first dehalogenation reaction from the molecular ion to its product ion by losing one Cl/Br atom. Therefore, for a compound at a certain EI energy, if the interion isotope fractionation is dominant, the molecular-ion isotope ratio should be higher Page 19 than the comprehensive isotope ratio. However, the results indicated that inter-ion isotope fractionation was not dominant in most cases ( Figure 5 ), which means intra-ion isotope fractionation of the HOCs generally occurred in EI-MS and outweighed the inter-ion isotope fractionation. Generation of molecular ions only underwent ionization process by losing an electron, while production of product ions went through dehalogenation reactions involving cleavage of C-Cl/C-Br bonds. Unlike ionization process, dissociation of C-Cl/C-Br bonds could lead to inter-ion and intra-ion isotope fractionations. The measured isotope ratios of product ions were thus possibly impacted by both inter-ion and intra-ion isotope fractionations. In addition, extents of intra-ion isotope fractionation were usually expected to be higher than those of inter-ion isotope fractionation. 13 Accordingly, we deduced that the measured isotope ratios of molecular ions might be more likely to approximate to the true isotope ratios of the HOCs than those of product ions. In addition, due to lack of intra-ion isotope fractionation for molecular ions, the measured isotope ratios of molecular ions presented relatively higher precision than those involving product ions (Table S- which means stable EI energy may be necessary to achieve precise CSIA-Cl/Br results.
Mechanisms of the isotope fractionation in EI-MS were preliminarily elucidated. For a certain product ion of a halogenated compound, the inter-ion and intra-ion isotope fractionations contributed counteractively to the apparent isotope ratio. The extents of inter-ion isotope fractionation of molecular ions were found to be usually lower than those of intra-ion isotope fractionation of product ions for most HOCs. The scheme using complete molecular-ion isotopologues for isotope ratio evaluation was recommended as the optimal in comparison with others involving product ions, due to that the calculated isotope ratios with this scheme showed highest precision and were deduced to be close to trueness more likely. The QET was applied to interpreting the Cl/Br isotope fractionation of the HOCs in EI-MS.
Implications of isotope fractionation in EI-MS for CSIA studies using GC-EI-MS were proposed according to the findings of this study, for achieving CSIA data with high precision and accuracy. The method and results of this study could be useful to predict Cl/Br isotope fractionation of HOCs in other dehalogenation processes and further explore the dehalogenation pathways.
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